Results Shear modulus differed between muscles (P < 0.001), and was larger for the deeper muscles: (median (interquartile range)) trapezius 7.7 kPa (4.4), splenius capitis 6.5 kPa (2.5), semispinalis capitis 8.9 kPa (2.8), semispinalis cervicis 9.5 kPa (2.5), multifidus 14.9 kPa (1.4). Shear modulus differed between the resting condition and head lift (P < 0.001) but not between levels of head lift intensity. Conclusion Shear wave elastography revealed highest passive and active stiffness of the deep neck extensor muscles most close to the spine. The highest active increase of stiffness during the head lift was found in the semispinalis cervicis muscle. The non-invasive, clinically applicable estimates of muscle stiffness have potential for the assessment of muscular changes associated with neck pain/injury.
Introduction
The cervical spine is the most mobile and delicate region of the spine. It balances the head while enabling the three-dimensional orientation of the sensory organs over a wide range of motion, which requires both postural and movement-related muscular control. Chronic neck pain is a common and costly health condition Hogg-Johnson et al. 2009 ) which involves an individually different, altered muscular control of the neck (Boudreau and Falla 2014; Juul Kristensen et al. 2013; Gizzi et al. 2015) . Long-term, the altered use of muscles entails structural changes of muscle including changed elasticity (Lieber 2010; Lieber and Ward 2013) . While this has been shown as a general principle, it has been scarcely examined in the cervical region (Kuo et al. 2013) . A better understanding of the interplay of neck muscle activation and muscle elasticity for controlling the cervical spine may further the specific diagnosis of individual conditions and their targeted treatment.
The neck extensor muscles counterbalance the weight of the head during the many daily activities that involve a forwardly orientated head position. Five layers of neck extensor muscles connect the head and neck to the thorax and shoulder region. These are, from superficial to deep, the trapezius, splenius capitis, semispinalis capitis, semispinalis cervicis and multifidus. The muscular control of posture suggests passive muscle properties are adapted for support (Loram et al. 2007; Sakanaka et al. 2016; Keshner et al. 1999; Bergmark 1989 ) and protection against unphysiological joint translations (Panjabi 2003) and overstretching (Herzog et al. 2015) while wide-range motion requires muscular flexibility. It is hypothesized that these opposing requirements are reflected in the distribution of stiffness in the neck extensor muscles. This implies that changes of neck muscle activation that result in an altered stiffness distribution may affect cervical passive stability as well as the passive and active range of motion.
Ultrasound imaging enables non-invasive measurements of all five layers of the neck extensor muscles (Peolsson et al. 2010; Rezasoltani et al. 2013; Lee et al. 2009 ). However, conventional ultrasound imaging (B-mode, M-mode and Doppler) reveals shape, thickness, deformation, strain and motion of muscles, not their stiffness. The recent development of ultrasound shear wave elastography has opened possibilities to measure shear modulus, an estimation of the muscle's stiffness (Hug et al. 2015; Eby et al. 2013) , in a localized muscle region from the speed of remotely induced shear waves (Brandenburg et al. 2014; Gennisson et al. 2013; Hug et al. 2015) . Measurements of passive muscle shear modulus have been validated in specimens (Eby et al. 2013; Koo et al. 2013 ) and phantoms (Yoshitake et al. 2014; Miyamoto et al. 2015) . Excellent reliability has been documented (Lacourpaille et al. 2012; Dubois et al. 2015) . Measurements of active muscle shear modulus have been validated against torque (Yavuz et al. 2015; Bouillard et al. 2011; Yoshitake et al. 2014 ) and electromyography measurements (Nordez and Hug 2010; Bouillard et al. 2011; MacDonald et al. 2016) with fair-to-excellent reliability (MacDonald et al. 2016; Yavuz et al. 2015; Yoshitake et al. 2014) .
The aim of the present exploratory study was to examine the influence of the layered organization (muscle depth) on muscle stiffness in the resting state and during a head lift. As biomechanical modelling suggests higher stiffness in deep muscles close to the spine (Bergmark 1989 ) increased resting and active muscle stiffness in the deep muscles was hypothesized. In contrast, lower stiffness was expected from the superficial muscles with the largest distance from the centre of rotation.
Materials and methods
Ethical approval was obtained from the institutional ethics committee (CPP-MIP-08). Eleven healthy volunteers [4 females; age: 21.7 years (SD 3.2), height: 175 cm (SD 9), body weight 71.0 kg (SD 12.1)] participated. Participants were informed of the purpose of the study and the methods used, and provided informed written consent. Exclusion criteria were neck pain, a history of neck trauma, car accident or neck surgery, unusually increased or decreased cervical lordosis and systemic musculoskeletal diseases. All procedures were performed in accordance with the Declaration of Helsinki. Measurements on one individual were stopped due to insufficient measurement quality, which is indicated by lacking stiffness values (black regions) in the elastogram. Based on the signal-to-noise ratio, the elastography system creates a quality mask that deletes potentially faulty stiffness measurements from image regions with insufficient image quality (Deffieux et al. 2012) .
Procedure
Participants were lying prone with their shoulders in abduction and external rotation and with their head resting on their hands. The chest was supported for participants' comfort and such that the cervical spine was in a neutral position. A folded blood pressure cuff was partially inflated and positioned under the lower hand to measure the pressure from the head on the cuff (Fig. 1) . Shear modulus of each neck extensor muscle was measured during the resting state, a lift of 1/3 and 2/3 of the head's weight, and a lift of full head weight. To achieve quasi isometric neck extensor activation, participants were instructed "Feel the contact and the weight of your head on your hands. While keeping skin contact between forehead and hand, lighten very gently and slowly the weight of your head on your hands until G.S. will tell you to stay. Stay for about 6 s until you are told to relax for a break." This task was chosen because managing the weight of the head is the main function of the neck extensor muscles and deemed a relevant task for potential later comparisons with clinical samples, e.g. individuals with neck pain. Individual target values of 1/3 and 2/3 head lift were calculated from the difference between the pressure of the resting head and the lifted head. One examiner provided auditory guidance on the exerted pressure and the target pressure. Head lifts were sustained over 6 s with rest of at least 30 s between trials. The duration of 6 s was chosen to ensure a period of static activation and, if needed, enable an initial slight adjustment of the transducer angle for improving the image. Recordings in each condition (resting state, three levels of effort) were repeated three times; single repetitions were in randomized order.
Shear wave elastography
Ultrasound shear wave elastography (Aixplorer version 7; Supersonic Imagine, Aix-en-Provence, France) was recorded at 1 Hz on the right neck extensor muscles (Fig. 2a, b ) using a linear transducer with 4-cm footprint (SL10-2 MHz, Supersonic imagine, France). Elastography was set to the musculoskeletal preset, high penetration, smoothing 4, and a range of shear modulus up to 200 kPa. The transducer was orientated longitudinal, centred at the fourth cervical vertebra, positioned 2 cm lateral to the spinous process and aligned closely with the muscle shortening direction of the target muscles (Eby et al. 2013) (Fig. 1 ). Due to difficulties to include all five muscle layers in a single region of interest (ROI) over which shear modulus was calculated, multifidus and semispinalis cervicis were scanned together, semispinalis capitis was recorded selectively, and splenius capitis and trapezius were scanned together. Care was taken to minimize probe pressure and to position the probe on the same location for each trial.
Using focussed acoustic radiation force, the elastography system produces "push beams" which induce the dispersion of shear waves through the tissue. Subsequently, the speed of the shear waves is detected using ultrahighframe rate ultrasound imaging and cross-correlation (Gennisson et al. 2010 (Gennisson et al. , 2013 . Based on shear wave speed (V s ), muscle shear elastic modulus (µ) was calculated as follows:
, where ρ is the density of muscle (1000 kg/m 3 ) (Hug et al. 2015; Eby et al. 2013; Gennisson et al. 2013 ). Videos of the elastograms (Fig. 1) were exported from the software (v7, Supersonic Imagine, Aix-en-Provence, France) in mp4 format. A custom Matlab script (R2013a, MathWorks, Massachusetts, USA) was used to manually define a ROI for each muscle from which the average shear modulus was calculated (Fig. 1) . The muscle ROI included the largest visible muscle area that avoided fascia, bone, hypoechoic regions and regions without stiffness values (Deffieux et al. 2012; Bouillard et al. 2011) .
Muscle shear modulus was determined for each muscle as the average of the initial 3 s in each condition. Each muscle's shear modulus during head lift was normalized to the muscle's smallest shear modulus during the resting state to compare the increase of stiffness during head lift Fig. 1 Elastogram of the neck extensor muscles (longitudinal) at the start of a trial of full head lift, each layer of the neck extensor muscles indicated by a white bar at the left edge of the image and labelled; muscle-specific ROI (red shape) inserted for semispinalis cervicis. Note that these data were processed twice, one time for semispinalis cervicis and a second time for multifidus. Subject and transducer position, see right top 1 3 between muscles. Absolute shear modulus and shear modulus normalized to resting state stiffness were averaged over the three repetitions of the same condition.
Statistics
Data are presented as median (25% quartile, 75% quartile, or interquartile range, IQR) because some distributions did not pass the Shapiro-Wilk test. To examine the influence of the manual definition of the muscle ROI, the elastography clips of six participants were processed twice with 2 weeks interval; intra-rater reliability was determined using intraclass correlation coefficients [ICC (3,1)] for single and ICC (3,3) for averaged measurements of shear modulus. Absolute reliability was expressed by the mean difference between measurement repetitions, standard deviation (SD) and standard error of measurement (SEM) (Hopkins 2000) . Differences of shear modulus and of normalized shear modulus between muscle layers and levels of effort were examined using two-way repeated measures analysis of variance [ANOVA (within-subject factors: muscle layer and level of effort)]. The consistency of shear modulus measurements was examined by the coefficient of variation (CV) over the three repetitions in each condition. Differences in the consistency of shear modulus were tested using two-way repeated measures ANOVA (within-subject factors: muscle layer and level of effort). For all ANOVAs, when Mauchly's test of sphericity was significant, Greenhouse-Geisser correction was applied. Pairwise comparisons with Bonferroni adjustment were used to specify significant differences. Significance was set to α = 0.05.
Results
Intra-rater reliability of the measurements of shear modulus was excellent (Table 1) . Shear modulus was higher in the deeper muscles, at resting state: multifidus 14.9 kPa (IQR 1.4), semispinalis capitis 9.5 kPa (IQR 2.5), semispinalis cervicis 8.9 kPa (IQR 2.8), splenius capitis 6.5 kPa (IQR 2.5) and trapezius 7.7 kPa (IQR 4.4) (Fig. 3a) , with a significant main effect of the muscle layer on muscle shear modulus (P < 0.001). Post hoc tests revealed non-significant differences between adjacent muscle layers and significant differences to more distant muscle layers (Table 2) . Shear modulus increased with the head lift (Fig. 3a, b) with a significant main effect of the level of effort on shear modulus (P < 0.001). Post hoc tests revealed a significant difference between the resting state and head lift conditions but not between the different (Table 2) . Further, there was a significant interaction effect between muscle and level of effort (P < 0.001), which indicates that the effect of effort differed between muscles (Fig. 3a, b) .
The effect of effort was demonstrated by the shear modulus normalized to the resting state. There was as significant main effect of the muscle layer on normalized shear modulus (P = 0.031). Post hoc tests revealed a significantly higher increase of shear modulus with head lift in semispinalis cervicis compared to multifidus (P = 0.011, Table 2 ). The consistency of shear modulus between repetitions at the same level of effort was on average 23.5% (range 12-31%) and did not differ between muscle layers (P = 0.62) or levels of effort (P = 0.16) ( Table 2) .
Discussion
Passive and active shear modulus of the neck extensor muscles differed between muscles and with the effort of a head lift. The head lift was performed mainly with active tensioning in the deeper muscles. Higher activity of the deep neck extensors during a head lift has been demonstrated by invasive electromyography measurements (Siegmund et al. 2007 ) and by fMRI measurements of neck extensor activation (O'Leary et al. 2011; Elliott et al. 2010; Conley et al. 1997 ). Compared to fine-wire electromyography and fMRI, ultrasound shear wave elastography is distinguished by its clinical applicability. Thus, the current results encourage the use of shear wave elastography on the neck muscles for diagnostic purposes or for the evaluation of therapeutic interventions.
The deepest muscle layer, the cervical multifidus demonstrated the highest stiffness in the resting state and, together with the semispinalis cervicis, also during head lift. High passive multifidus stiffness has been shown in fibre bundle examinations of the excised lumbar multifidus (Ward et al. 2009 ) and is thought to protect the spinal joints against translatory motions (Panjabi 2003) . The cervical multifidus is predominantly composed of low-threshold slow twitch muscle fibres (Boyd-Clark et al. 2001) , which produce greater muscle force with contraction (Petit et al. 1990 ) and are stiffer (Petit et al. 1990; Toursel et al. 2002) than fast twitch fibres. A postural and often tonic, reflex modulated activity, e.g. in head/trunk coordination and head orientation in space (Richmond and Bakker 1982) is supported by the great content of muscle spindles (Richmond and Bakker 1982; Boyd-Clark et al. 2002) which implies high stretch sensitivity. Due to its short moment arm towards the spinal joints, multifidus may contribute most efficiently to lowlevel activation and less to higher level efforts (Fig. 2a) .
The semispinalis cervicis demonstrated lower stiffness at rest compared to the multifidus muscle, but stronger active stiffening with the head lift. Commensurate, fMRI measurements of isometric neck extension demonstrated the highest T2 shifts in the deepest neck extensor muscles (not distinguishing multifidus and semispinalis cervicis) (O'Leary et al. 2011) . Also biomechanical modelling predicted the largest moment-generating capacity for the semispinalis muscles (without distinguishing cervicis and capitis) (Vasavada and Delp 1998; Nolan and Sherk 1988) . Current study results encourage the distinctive examination of multifidus and semispinalis cervicis as their mechanical properties and contributions to managing head weight differed. Table 2 Results of two-way repeated measures ANOVAs with within-subject factors 'muscle layer' and 'level of effort' GG indicates the application of Greenhouse-Geisser correction due to a significant Mauchly test of sphericity with epsilon <0.75 (Field 2009 The active increase in muscle stiffness of the semispinalis capitis was less than in semispinalis cervicis, although the muscle fibres of semispinalis capitis are best aligned with the cervical spine and the muscle's moment arm is, due to the greater distance from the centre of rotation, advantageous compared to deeper muscles. Probably, this muscle was not sufficiently challenged by lifting the head. Considering a head weight of 3.2-4.1 kg (Clemens 1972) and a maximal isometric neck extension force of 127-278 N ≈ 13-28 kg (Valkeinen et al. 2002; Rezasoltani et al. 2010 ), a full head lift requires 25% or less of the maximal neck extension force.
Splenius capitis demonstrated the lowest stiffness in the resting state. With an increasing effort of the head lift, tension was developed in a non-linear manner. High splenius capitis activity has been documented with upper cervical head extension (O'Leary et al. 2011 ) and head rotation (Vasavada et al. 2002) . Presumably, the low engagement of splenius capitis in a head lift with a neutral cervical spine, documented also by O' Leary et al. (2011) , reserves capacities for moving the head in extension or rotation during head lift.
The only non-autochthonous neck muscle, the trapezius, demonstrated a special role; stiffness in the resting state was higher than in splenius capitis but increased only marginally during head lift. Higher stiffness in the resting state may relate to the partial weight of the upper limb which requires passive stretch resistance. Little active involvement of the trapezius during head lift may provide the advantage of free muscular control of shoulder and arm motion (Leong et al. 2013) . Collectively, the current study results demonstrate that in normal conditions the head's weight is managed predominantly by the active stiffening of the deep neck extensor muscles.
A study limitation is the high variability of the shear modulus measurements that may have obscured statistic differences between levels of effort. A lower reproducibility of shear modulus measurements on deep compared to superficial muscles has been reported (MacDonald et al. 2016) . Also in the current study, measurements of the deeper muscles were more challenging which resulted in smaller muscle-specific ROIs at varying locations. The transducer position had to be modified in search for complete elastograms. Stiffness measurements along muscle fibre direction are most reliable (Dorado Cortez et al. 2016 ) and reflect best active increase with muscle contraction (Gennisson et al. 2010) . The transducer manoeuvres induced slight changes of the scanning angle and the alignment relative to the muscle fibres which probably increased measurement variability (Chernak et al. 2013; Gennisson et al. 2010) . However, the transducer manoeuvres in the current study were probably not the major source of variation because measurement reliability and consistency were similar for deep and superficial muscles.
To reduce the number of task repetitions, the shear modulus of two muscles was evaluated in a single recording, which required the positioning of the transducer in between the anatomical shortening directions of the muscles. The expected imprecision was accepted because a complete and precise representation of each muscle by a single transducer position appeared unrealistic due to the complex anatomy of the cervical extensors with a three-dimensional variation of fibre angles, within-muscle differing fascicle orientations and individual anatomic variations (Anderson et al. 2005; Borst et al. 2011) . The pragmatic approach of a between-muscle averaged longitudinal orientation may have led to a slight underestimation of the shear modulus (Gennisson et al. 2010 ) of multifidus, semispinalis cervicis, splenius capitis and trapezius and, together with the variation in transducer orientation, may have increased the variability of the shear modulus measurements. Shear wave measurements require sufficient quality of the ultrasound images. Ultrasound imaging is an operator-dependent skill. In the present study, R.A. who took the images had 2 years experience in ultrasound imaging of muscle activation and shear wave elastography.
The choice of a low-intensity task with small differences between the increments was not optimal for detecting differences. Considering that a full head lift is likely less than 25% of the maximal capacity, increments between levels of effort were 5-7% of maximum, which would require a high precision for distinction. Participants lifted their head slowly while one examiner instructed to lift further or stop and hold. The precision of performance was controlled only visually. However, if imprecision would have been the main source of variation, more consistent measurements would be expected in the resting state and full head lift, but differences in variation between the conditions were small. Thus, and with acknowledgement of the discussed methodological influences, some variability must be considered as physiological variation of performance and force sharing (MacDonald et al. 2016; Falla et al. 2014; Falla and Farina 2007) .
In conclusion, healthy young individuals managed the head's weight in isometric conditions mainly using the deep layers of the neck extensor muscles, probably to reserve the more superficial muscles to control head and arm movements. Uniquely, shear wave elastography enables musclespecific and comparative insights into mechanical muscle characteristics and contributions to isometric tasks in real time. Elastography estimates of selective muscle stiffness may provide new insights into impaired cervical mechanics, e.g. by scar tissue, fibrosis or altered patterns of muscle activation, and will enable evaluation of therapeutic interventions (Hug et al. 2013 (Hug et al. , 2014 .
